Introduction
Like other mammals, rodents living in habitats with markedly different seasons usually do not produce offspring during the harsh part of the year. In female rodents, the nonreproductive season normally involves true quiescence, during which they stop ovulating and regress almost to a prepubertal condition; male rodents typically halt, or at least slow, spermatogenesis during the harsh season (Stetson & Watson-Whitmyer, 1981 ; Rowlands & Weir, 1984; Bronson, 1989) . As in other mammals, seasonal breeding in rodents may be induced directly by poor nutrition and harsh weather or indirectly by a predictive cue such as daylength. An unexpected, and seemingly wasteful, seasonal strategy seen in a tropical rodent, the cloud forest mouse, is reported: females in the population studied in Costa Rica experienced repeated pregnancy failures during a season in which there was no evidence that they could successfully produce offspring.
Despite the fact that most rodents, and most mammals, live in the tropics, little is known about the reproductive characteristics of these animals at lower latitudes (Bronson, 1989) . In particular, almost nothing is known about the responsiveness of tropical rodents to predictive cues such as photoperiod. Thus, while searching in the laboratory for the cause of the pregnancy failures seen in the field, the reproductive responsiveness of cloud forest mice to variation in photoperiod was examined more broadly.
Materials and Methods

Field collections and autopsy
Cloud forest mice (Peromyscus nudipes) were trapped in a montane tropical forest transitional between lower montane and cloud forest at an altitude of 1300-1450 m at Monteverde, Puntarenas Province, Costa Rica. The systematic status of the mexicanus group of Peromyscus, which includes P. nudipes, is uncertain (Carleton, 1989; Timm et ai, 1989) . We follow Timm et al. (1989) (Anderson, 1982;  and this study). Most animals were taken from forest on the property of J. and J. Stuckey (10°17'50"N, 84°48'40"W); in March 1989, some were also taken on property belonging to R. and M. LaVal (10°18'40" N, 84°48'50" W). This general habitat type has been described by Buskirk & Buskirk (1976) and Lawton & Dryer (1980) ; the Stuckey's woods site was described by Anderson (1982) . Rainfall at Monteverde is seasonal, the dry season typically extending from December to early April (data for 1955-90 from the Monteverde Weather Station). Plant and insect production vary with rainfall; peaks in fruiting (Dinerstein, 1986) and insect abundance (Buskirk & Buskirk, 1976) occur in the wet season, although fruiting peaks can be small and unpredictable (Koptur et ai, 1988 For histological examination, ovaries and uteri were embedded in paraplast, serially sectioned at 5-10 pm and stained with haematoxylin and periodic acid-Schiff (Humason, 1972 42 and 44 females, respectively. An additional 12 food-restricted females that mated were autopsied 9 days after mating and examined for implanted embryos.
The second experiment queried whether the reproductive failures seen in the wild were due to insufficient water intake. Twelve virgin adult females were given access to water for only 2 h each day (09:00-11:00 h). Otherwise, the protocol for this experiment was identical to that in the food-restriction studies and it relied for its control comparisons on the animals (fed and watered ad libitum) of the food restriction experiment.
Reproductive photoresponsiveness
Two experiments were conducted, one with mated pairs to see whether photoperiodic variation mimicked the pregnancy losses observed in the field; and a second to assess the effect of variation in photoperiod on reproductive development in this species. In both experiments, the test animals were housed in portable, controlled photoperiod chambers measuring 204 cm 62 cm 38 cm, which were fan-ventilated and maintained at an ambient temperature within 1UC of room temperature. Illuminance within a chamber ranged from 150 lx in the corners to 800 lx in the centre. Each chamber could contain up to 21 small cages.
In the first experiment, ten adult breeding pairs, all of which had previously experienced a cycle of 12 h light: 12 h dark for at least 6 months, were moved to photoperiod chambers, where they were maintained initially on the same photoperiod. After allowing 4 weeks for adaptation, these ten pairs were exposed to a gradually changing schedule of light cycles. These mimicked the change in photoperiod (sunrise to sunset) occurring normally at latitude 10° between mid-September and mid-March, i.e. from the middle of the wet season, when production of young is maximum in Costa Rica, until the end of the dry season, when no young are produced. For (Kirton, el ai, 1967 Two females, one captured in January and one in March, were in the process of reabsorbing midterm embryos (Fig. 2) ; the one captured in March also held a second set of corpora lutea and single-celled embryos or ova in her oviducts. Each embryo in the process of being reabsorbed was a spherical mass connected mesometrially to the uterus by a short stalk of cells (Fig. 2a) . The large blood spaces (Fig. 2b) Fig. 2a) had aborted or that her young died at, or soon after, birth.
Corpora lutea of females with implanted, normally developing embryos were not consistently different, morphologically, from those of females that were reabsorbing embryos ( Fig. 3a and b) . Luteal cells of females that were reabsorbing embryos (Fig. 3b) tended to be slightly larger than those with normal implanted embryos (e.g. Fig. 3a ), but this was not true in all cases. Consistent differences in the appearance of luteal cell nuclei at these stages were not found.
Male reproduction. In general, little seasonal change of consequence was noted in the repro¬ ductive characteristics of adult males. In January, early in the dry season, the testes of adult males were, on average, 25% lighter and seminal vesicles were, on average, 40% lighter than in other sampling periods (Table 2) . Even so, seven of the eight adult males collected in January had abun¬ dant spermatozoa in their epididymides (abundance ranking of 5).
Population structure. No evidence for the production of young was seen except during the wet season. Immature mice were absent from our early wet-season sample, but our August to September mid-wet-season sample included eight subadults. The early dry-season sample, in January, included a single juvenile and 18 subadults. Most of these subadults were within a few grams of adult weight, and the females all had enlarged ovaries and uteri, although most lacked corpora lutea. All the subadult males had small testes. By mid-dry-season, in March, there were only two subadults in our large sample; both were near reproductive maturity.
Laboratory studies Nutritional studies. At autopsy, the ovaries of all 52 control females and 35 of 51 food-restricted females held large corpora lutea, indicating recent ovulation ( < 0001). Mating occurred in 25 of the 52 control females and in 13 of the 35 food-restricted females that ovulated (not significant; > OTO). Of the females that mated, 13 of the 25 controls and 0 of the 13 food-restricted females held embryos 21 days later (P < 0-01). Three of 12 food-restricted females autopsied 9 days after mating held early implanted embryos.
The food restriction used in the first experiment was designed to mimic the 8% drop in body weight seen in females in Costa Rica during the dry season (see Table 1 ). In the food-restricted females that mated, an average 10% loss in body weight was seen relative to the average pre¬ treatment weight (41 1 + 1-9 g at mating versus 45-6 + 1-2 g before treatment). In most females, body weight had stabilized after 10-20 days of food restriction, so there was little further loss in weight after mating. On average, females that continued ovulating, but did not mate, were slightly lighter at that time (38-4 + l-6g), as were females that had stopped ovulating (36-1 + 1-4 g), but only the latter group was significantly lighter than mated females (P < 005).
In the second experiment, water restriction resulted in an average loss of 15% of body weight (weight measured after 2 h access to water ad libitum), as assessed either at mating or 7 days after pairing began. At autopsy, 11 of 12 females exhibited corpora lutea; six of 12 had mated, and none of the mated females held implanted embryos 21 days after mating.
Reproductive photoresponsiveness. Adult breeding pairs held under a gradually changing photo¬ period that accelerated, but otherwise mimicked, the change in daylength at 10° latitude between mid-September and mid-March produced and weaned litters at the same rate as the control group maintained on a constant 12 h light: 12 h dark regimen (Fig. 4) days of age are therefore presented (Table 3) . Likewise, no differences due to daylength were seen in laparotomies of females at 50 days of age and so only the data obtained at autopsy are presented (Table 3) .
Discussion
The cloud forest mice at Monteverde apparently are absolutely seasonal in the production of young, but absolutely aseasonal in their attempts to produce young. The failure of females in the Monteverde population to produce young during the dry season is not due to inhibition of ovulation and it is probably seldom due to a lack of mating or fertilization. All but one female autopsied during the dry season had corpora lutea and at least 75% of these females were pregnant, although most carried only unimplanted embryos. The failure to produce young was largely due to the failure of early embryos to implant, and the few that did implant were reabsorbed before midpregnancy. The reduction in testis and seminal vesicle mass may represent a reduction in male fertility early in the dry season, although males continued to produce and store spermatozoa. This suggests that reductions in male fertility may contribute slightly to the decline in litter production during the dry season. The high pregnancy rate at that time indicates that enough males remained fertile to impregnate most females, however.
The hormonal basis of the pregnancy failures observed during the dry season is uncertain. The slight differences in luteal morphology may, or may not, be related to failures in pregnancy. A lack of morphological differences does not preclude differences in luteal activity, in any case, as changes in secretory activity would not necessarily be apparent under the light microscope.
The laboratory studies reported here were mostly an effort to find an environmental factor that would mimic the reproductive failures seen in females during the dry season. At the outset, it seemed likely that these losses were due to one or more of three possible causes: food insufficiency, water insufficiency, or the ingestion of toxic secondary plant compounds. The Robbins (1983) , animals often shift from preferred to less-preferred diet items during the harsh part of the year, and sometimes the lesspreferred diet contains toxic compounds that can have detrimental effects on reproduction. This could aggravate the situation for cloud forest mice near Monteverde. A direct test of this possibility is difficult for these mice because of their broad diet (Anderson, 1982) Gwinner, 1986; Bronson, 1989) . Reproductively photoresponsive (for review see Bronson, 1989) and unresponsive mammals (Heideman & Bronson, 1990) have been found in the tropics, but whether any of the former use this cue to regulate their reproduction seasonally remains unknown.
On a broader scale, the most surprising feature of the reproductive strategy of the cloud forest mice in the Monteverde region is that they apparently lack a mechanism to block the repeated losses they experience during the dry season. It is widely assumed that ovulation and early preg¬ nancy are accompanied by a considerable energy cost and that activities such as searching for a mate reduce the probability of survival (Wade & Gray, 1979; Bell & Koufopanou, 1986 ). Thus, it should be selectively advantageous to block reproduction during seasons when the probability of success is very low or nonexistent.
It is conceivable that occasionally a cloud forest mouse in the population we studied is success¬ ful in its attempt to reproduce during the dry season, thus providing an evolutionary advantage to that individual. However, our data and those of Anderson (1982) suggest that this would be a rare event. It is more likely that the reproductive strategy of these mice evolved at another time and another place where seasonal changes were less predictable and hence where opportunism consti¬ tuted the most successful strategy. For example, reproduction may be successful throughout the year in the less-seasonal cloud forest that begins just 1 or 2 km further to the east, in the central mountain range, as Robertson (1975) described for a population of P. mexicanus totontopecus in Oaxaca, Mexico. Peromyscus nudipes is restricted to the montane and cloud forests of Costa Rica and Panama; animals of the genus are distributed widely from Panama to northern Canada (Carleton, 1989) .
At the higher latitudes, photoperiodic cueing commonly prevents winter reproduction in Peromyscus (Desjardins, 1981) , while opportunistic reproduction is common in the subtropics and tropics, but in environments that permit at least some success in all seasons (Bronson, 1989 Neal, 1986 ; see also Bronson, 1989) . Much of what is known about these animals has been learned using trap-and-release 
